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Cellular energetic metabolismysiological disorder arising from a systemic inﬂammatory response to infection.
Patients are clinically classiﬁed according to the presence of signs of inﬂammation alone, multiple organ
failure (MOF), or organ failure plus hypotension (septic shock). The organ damage that occurs in MOF is not a
direct effect of the pathogen itself, but rather of the dysregulated inﬂammatory response of the patient.
Although mechanisms underlying MOF are not completely understood, a disruption in cellular energetic
metabolism is increasingly implicated. In this review, we describe how various factors affecting cellular ATP
supply and demand appear to be altered in sepsis, and how these vary through the timecourse. We will
emphasise the need for an integrated systems approach to determine the relative importance of these factors
in both the failure and recovery of different organs. A modular framework is proposed that can be used to
assess the control hierarchy of cellular energetics in this complex pathophysiological condition.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Sepsis describes a combination of clinical manifestations of sys-
temic inﬂammation speciﬁcally related to an infectious insult from
agents such as bacteria, pathogenic fungi, yeasts and viruses. Other
non-infectious insults such as trauma, burn injury or haemorrhage can
cause a similar response, suggesting a common ﬁnal pathway. Clinical
presentations include pyrexia, variable changes in cardiac output (the
product of heart rate and ejected ventricular stroke volume),
hypotension that is non-responsive to vasopressor agents, immuno-
suppression, and evidence of failure of one or more organ systems
including haemodynamic, respiratory, neurological, renal and hepatic
systems. The severity of illness depends on the extent to which these
disturbances occur and has led to the classiﬁcation of sepsis into sepsis
syndrome, severe sepsis and septic shock ([1], Table 1).
The course of sepsis is variable and often unpredictable, and
depends on factors such as age and pre-existing morbidities. Genetic
polymorphisms also play a part in determining susceptibility to sepsis
and the severity of the inﬂammatory response. Mortality rates are
decreasing due largely to improved supportive care, however, the
incidence of sepsis is rising [2,3]. Between 30–50% of critically ill
patients in intensive care units (ICUs) develop sepsis [2,4], with an
average early mortality risk rising from 4% after 24 h to approximately
30%byday 28 [5].Mortality increaseswith the numberof failed organs,
with approximately one-third of patients with single organ failurel rights reserved.dying, compared to 90% of those with four or more failures [6,7].
Patients who survive their septic episode often have long-term
morbidities, including weakness, fatigue, neuropathies and psycholo-
gical problems [2]. To what extent these problems are due to the
disease process itself and how much to sequelae and complications
related to the treatment and support given in intensive care is cur-
rently a major topic of investigation.
1.1. Pathophysiology of sepsis
Several comprehensive reviews of systemic immune [8,9], endo-
crine [10,11] and metabolic [12–14] responses in sepsis are available,
and only a general overview will be given here (Fig. 1). The
inﬂammatory response to infection is initiated by the binding of
microbial products such as the bacterial cell wall components
lipopolysaccharide (Gram-negative) and peptidoglycan (Gram-posi-
tive) to Toll-like and other recognition receptors on immune and
endothelial cells. Subsequent activation of nuclear transcription factor
κB (NF-κB) by its translocation to the nucleus leads to expression of
signiﬁcant circulating levels of pro-inﬂammatory cytokines including
tumor necrosis factor-α (TNF-α) and interleukin 1-β (IL-1β). Together
with activation of complement pathways, these proinﬂammatory
cytokines stimulate a pro-coagulatory state. Cytokine stimulation
of circulating and resident immune cells, endothelial and some
epithelial cells results in increased production of reactive oxygen
intermediates (ROS) such as superoxide, and nitric oxide (NO).
Excessive NO production is considered a major cause of the vaso-
relaxation and decreased responsiveness to vasopressor agents
Table 1
Deﬁnitions of systemic inﬂammation and sepsis
Condition Deﬁnition and clinical description
Systemic inﬂammatory
response syndrome (SIRS)
The systemic inﬂammatory response to various clinical
insults (infection, trauma, haemorhage).
Requires at least two of:
• core temperature b36 °C or N38 °C
• heart rate N90 beats min−1
• respiratory rate 20 breaths min−1or PaCO2 4.3 kPa
•white blood cell count b4000 mm−3 or N12000 mm−3 or
immature neutrophil content N10%
Sepsis The systemic response to infection.
• SIRS criteria PLUS
• proved or suspected infection
Severe sepsis Severe sepsis associated with:
• organ dysfunction
• hypoperfusion or hypotension
Septic shock Sepsis associated with:
• hypotension that is unresponsive to administered
vasopressors (despite adequate ﬂuid resuscitation)
• perfusion abnormalities
Summarised from [1].
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Expression of adhesion molecules results in increased inﬁltration of
immune cells into tissues both local to, and distant from, the cause of
infection. In linewith the pro-inﬂammatory response, a compensatory
anti-inﬂammatory response is also initiated to quench the ﬂames of
inﬂammation. After an indeterminate and variable period of hours to
days, this may even shift the balance of the inﬂammatory milieu to an
immunosuppressed state characterised by high levels of anti-inﬂam-
matory cytokines such as IL-10, T-cell anergy, accelerated apoptosis of
circulating B-lymphocytes, delayed apoptosis of neutrophils, and
decreased phagocytic and bactericidal activity [9].
Besides the alterations in cytokine proﬁles, the acute phase
response to infection is accompanied by a massive release of variousFig. 1. Systemic interactions in the pathophysiology of sepsis. NF-“stress” hormones including cortisol, catecholamines, vasopressin, and
both insulin and glucagon [10,11]. Together, these hormones act to
maintain oxygen delivery to the tissues (q.v.) and also result in
mobilisation of carbohydrate, fat and protein stores inmuscle and liver
to fuel the synthesis of acute phase proteins. Resting energy ex-
penditure (REE), as measured by calorimetry, is increased during this
period, although the more severely affected patients do not increase
REE to the same extent [17]. Indeed, septic shock patients have REE
values similar to healthy people, often despite marked pyrexia. The
acute phase endocrine response is predictive of outcome with a
suboptimal or impaired response portending a poor prognosis [18].
During prolonged sepsis, circulating hormone levels return to
normal, or even sub-normal levels. The “low T3” syndrome is often
manifest with decreases in thyroxine (T4) and the more active tri-
iodothyronine (T3), and an increase in the inactive reverse T3 (rT3).
REE shows a signiﬁcant rebound during the recovery phase [17].
1.2. Current treatments for sepsis
While many immunomodulatory therapies have been trialled,
none has equivocally demonstrated an overall reduction in mortality.
Even the use of activated protein C, the only immunomodulatory agent
with a current licensed indication for sepsis, is now being formally
readdressed.Most therapy is supportive rather than curative, propping
up the failing organs until they start functioning. These include anti-
biotics to remove the initiating trigger, ﬂuid resuscitation to maintain
organ perfusion, vasopressor administration to maintain an adequate
blood pressure, and mechanical support of failing lungs (mechanical
ventilation) and kidneys (dialysis-like techniques). Despite these
technical advances, sepsis still remains a major killer worldwide.
1.3. Energetic failure in sepsis?
The concept of cellular energetic dysfunction in septic organ failure
can be traced back some 40 years, with observations of swollen andκB, nuclear factor κB. Reproduced from [8] with permission.
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Mitochondrial respiration, respiratory complex enzyme activities and
nucleotide levels have been studied in tissue homogenates, cells or
mitochondria isolated from a variety of animal or cell models towhich
endotoxin or bacterial insults had been administered. Highly variable
changes inmitochondrial function are reported inmodels lasting up to
16 h, but amuchmore consistent ﬁnding of mitochondrial dysfunction
and ultrastructural damage is seen thereafter (reviewed in detail in
[20]). Several factors are likely to be responsible for this variability,
including the type and degree of insult, the animal, organ or cell
species selected, and the adequacy or otherwise of resuscitation.
Differences in tissue ATP content have been reported in muscle
biopsies from patients [21,22] and in different tissues from animal
models [23–25]. We reported depressed ATP levels in muscle biopsies
taken from critically ill patients who went on to die, while eventual
survivors demonstrated maintained/elevated ATP [21]. In combina-
tion with several reports of elevated, rather than depressed, tissue
oxygen tensions (tPO2), these ﬁndings of mitochondrial abnormalities
and changes in ATP led to the proposal that septic organ failure
represents a state of “tissue dysoxia” or “cytopathic hypoxia”, i.e. a
cellular inability to use oxygen rather than a lack of its availability [26].
Studies in septic patients widely report depletion of glutathione
and ascorbate in both tissues and blood [27,28]. We also found a
correlation between the severity of sepsis and muscle glutathione
levels in critically ill ICU patients [21]. Apart from the afore mentioned
link between ATP levels and subsequent death, we also reported other
prognostic features including depleted muscle levels of reduced
glutathione, impaired complex I activity, elevated nitrate/nitrite
(indicator of RNS) [21], increased EPR-detected radical species, and
decreased complex I iron–sulphur centres [29]. Plasma levels of lipid
peroxide products were elevated in patients with multi-organ failure
(MOF), particularly in those with renal failure [30]. Plasma from septic
patients induced a severity-linked oxidative stress when applied to
cells in vitro [31]]. Functional implications of such oxidative stress has
been inferred by the presence of mitochondrial damage and depletion
in patient samples of both leg muscle [21,22,28]and diaphragm [22].
1.4. Energetic failure or adaptivemetabolic control? The need for a systems
approach
Together, such data as described above have led to the formulation
of the hypothesis that septic organ failure results from a depression
in mitochondrial function, with key effectors being cytokine-induced
oxidant and nitrosative species, and changes in hormone levels
[20,26,32]. To some, this represents a damage-induced energetic
failure of mitochondria. Based on the relatively rapid recovery of
organs and the lack of evidence of signiﬁcant cell death in failed organs
[33], an alternative hypothesis proposes that the conditionmanifest as
“organ failure” actually represents an adaptive and functional meta-
bolic suppression, similar to aestivation or hibernation, that enables
long-term survival if the victim survives the initial insult [34].
It is inevitably problematic to obtain tissue samples from patients
with MOF to performmechanistic studies, especially from deep “vital”
organs such as liver and kidney. It is thus not surprising that human
literature is limited to snapshots of cellular events. However, these
steady-state measurements reveal simply that a process has been
affected by an insult, and reveal little about whether affecting that
process at that time will have any inﬂuence on cellular behaviour. For
example, nitrosative damage to respiratory complex I is likely to be
detrimental to cellular energetics only at times where supply of ATP is
unable to meet cellular ATP demand (see [35], discussed below).
Therefore, determining the cause and effect of energetic disturbances
requires a systems approach, whereby the impact of sepsis on
energetic supply and demand is determined. We anticipate that by
employing the top–down metabolic control approach described
below, we will be able to determine to what extent the long-heldconcept of mitochondrial dysfunction in sepsis impacts upon cellular
energetics.
2. Control of cellular energetics: ATP supply and demand
2.1. Top–downmetabolic control analysis and the “modular kinetic”approach
Our understanding of the control of respiration (see [36]) has
beneﬁted signiﬁcantly from the development of metabolic control
analysis [37,38] and the subsequent extension of top–down or
modular control analysis [39–41]. These approaches have led to the
appreciation that control of cellular respiration is shared between
processes that provide ATP and those that consume it and that the
strength of control that one process has over respiration varies under
different conditions [42].
Compared to the bottom-up approach, which establishes the
control exerted by individual enzymes over ﬂux through a pathway
[38,42], the top–down approach divides systems into blocks of
reactions, consisting of either individual enzymes or, usefully, groups
of enzyme and intermediate interactions (i.e. pathways). In a top–
down (or “modular-kinetic”) analysis, the responses of the steady-
state ﬂux of consumer and producer pathways to changes in con-
centration of their linking intermediate(s) are measured. From these
responses (i.e. elasticities), the inﬂuence of a change in activity of these
producers or consumers on both overall steady state ﬂux (i.e. ﬂux
control) and intermediate concentration (i.e. concentration control)
can be calculated. A pathway having large elasticity towards an
intermediate has, in general, low ﬂux control, and vice versa. The
overall control structure of a process can thus be described quan-
titatively. This will predict whether and, if so, how a system changes in
response to acute changes in intermediate or enzyme activity (for
example, resulting from hypoxia or allosteric modulations such as
phosphorylation). This modular-kinetic approach may be exploited
further to assess (1) where and to what extent a system is affected by
administration of effector molecules (e.g. hormones, kinases, NO) and
(2) how the control between two or more systems (e.g. cell types,
pathophysiological states) differs.
2.1.1. A modular kinetic approach to cellular energetics in sepsis
In Fig. 2, we outline a simple modular framework that can be used
to determine how sepsis can affect the control of cellular energetic
metabolism. The system is centred around ATP as an intermediate
with a block each for supply and demand. By modulating the activity
of one block and determining the effect on the activity of the other, a
description of the responses of ATP-producing and ATP-consuming
pathway ﬂuxes to a change in ATP is obtained [39–41]. From this
kinetic description, the elasticities of supply and demand blocks
towards ATP can be calculated. Subsequently, these elasticities can be
used to calculate the control of each block over the overall steady-state
ﬂux of ATP supply and demand, and also the control exerted by each
block over the concentration of ATP. This initial analysis reveals
broadly whether or not supply and/or demand pathways have been
affected by the pathophysiological insult. Once this is ascertained, the
relevant block can be further subdivided, and amore detailedmodular
kinetic analysis (or, if more appropriate, a bottom–up analysis) can
then performed to identify more precisely the site(s) of modiﬁcation.
The value of understanding how and where changes in the dis-
tribution of control of a pathophysiological system have occurred
becomes apparent when deciding where to target therapeutic efforts.
For example, if at a particular time-point, control of ATP supply
and demand is found to have shifted towards ATP-producing pathways
(e.g. oxidative phosphorylation), therapies aimed towards increasing
ATP production (e.g. substrate availability, mitochondrial functional
capacity) are more likely to be successful than during periods where
control lies with ATP-consuming pathways. In this respect, further
analysis of the effects of external modulators including hormones
Fig. 2. Modular separation of energetic metabolism around ATP for analysis of cellular
energetics in sepsis. Initial analysis of Supply/Demand ﬂux and [ATP] at different
modulations of ﬂux reveal whether Supply block and/or Demand block have been
altered by the septic insult. Subsequently, the relevant blocks can be sub-divided and
appropriate intermediates (e.g. O2, substrate, Δψ, Ca2+) and ﬂuxes (arrows: e.g.,
glycolysis, substrate oxidation, phosphorylation, proton leak, individual demand
pathways) can be analysed to pin-point where control distribution of the system has
been affected. A comparison of control distribution for different time points in sepsis can
be performed for acute, established and recovery phases, in different tissues, or at
different severities of insult. The site of action of various effectors (hormones, NO/ROS,
mediators ofmitochondrial biogenesis, temperature) can be determined. See [38–40] for
details of the modular kinetic approach to top–down metabolic control analysis.
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lamines) can be determined for the initially characterised system.
2.2. Cell models of sepsis for systems approaches to energetic metabolism
The modular kinetic approach outlined would be suitable to study
ex vivo cells that have been freshly isolated from established animal
models of sepsis. In this respect, polymicrobial models of peritoneal
sepsis lasting several days have been developed for rodent and large
animal studies. Methods used for the induction of sepsis in these
models include caecal ligation and puncture (reviewed in [46]),
injection of faecal slurry (e.g. [23] or implantation of bacterially-
infected ﬁbrin clots (e.g. [47]). The provision of adequate ﬂuid
resuscitation is considered to result in more clinically-relevant long-
term models. Cells can be isolated from different organs at different
stages of disease progression and recovery, and analysed ex vivo.
Alternatively, in vitro models can be used where cultured cells are
subjected to a septic insult of varying dose or duration, followed by a
washout period to follow recovery. In this respect, incubation with
either LPS alone or in combination with cytokines has been used to
investigate cellular energetic aspects of sepsis (e.g. [48,49]). Co-culture
and Transwell culture of hepatocytes and Kupffer cells has been used to
investigate the mechanism of sepsis-induced down-regulation of
peptides involved in vasodilation [50]. A further in vitro approach
investigated the effect of plasma taken from control patients or those
with sepsis on the oxygen consumption rates of peripheral blood
mononuclear cells (PBMCs) isolated from septic or control patients [51].
The choice of system for a modular kinetic analysis will depend on
a balance between (1) the clinical relevance, but inherently variable
response, of animal models, and (2) the more easily-controlled, but
potentially less-directly translatable, in vitro cell model.
3. Cellular energetics in sepsis
The discussion below concentrates on aspects of cellular energetic
metabolism that, to date, have received most attention in sepsis: ATP
production and consumption, oxygen availability, and also mitochon-drial functional capacity. However, consideration should also be given
to the processes directly affecting Δψ, Ca2 and ROS production, as
these factors play signiﬁcant roles both in energy metabolism and in
mediating the mitochondrial permeability transition and cell death.
3.1. ATP production and consumption
3.1.1. Control of ATP supply and demand
The control distribution for oxidative phosphorylation has been
found to be similar for isolated liver mitochondria [52] and resting
hepatocytes [53], with approximately 50% of control over respiratory
rate lying with phosphorylating reactions (equivalent to ATP turn-
over), 30% with the electron transfer chain and 20% with proton
cycling (leak). Most (~80%) of the control over phosphorylation lay
with the phosphorylating system itself, indicating that cellular
energetics in hepatocytes are largely demand-driven. On the other
hand, control over phosphorylation in brain mitochondria was found
to lie largely with substrate oxidation reactions (~70%) [54].
The sensitivity of supply and demand pathways to small changes
in [ATP] (or ATP/ADP, energy charge or the phosphorylation potential
ΔGp) will reﬂect the elasticities of all the components in a given
block. For the ATP-supply pathways, this includes the sensitivities of
both oxidative phosporylation and glycolysis. Several studies have
shown an increase in the rate of lactate production upon stimulation
of the Na+/K+-ATPase, or a decrease in lactate production by inhibition
of this transporter [55], combined with a relative insensitivity of
oxygen consumption (e.g. [56]). This behaviour suggests that these
changes in ﬂux are due to a higher elasticity of glycolysis, compared to
that of oxidative phosphorylation, towards ATP.
The ATP-demand block comprises those processes involved in
maintenance of ion gradients (Na+/K+-ATPase, Ca2+-ATPase), and
anabolic functions including macromolecule synthesis (DNA, RNA,
protein) and tissue-speciﬁc ATP-dependent processes (gluconeogen-
esis, ureagenesis). Atkinson [57] ﬁrst proposed the concept of hierarchy
among different ATP-demanding processes where less essential
anabolic functions are more sensitive to changes in energetic status
compared to essential activities such as ion homeostasis. This concept
has been demonstrated in several experimental systems including
immune-activated thymocytes [58] and responses of hepatocytes to
hypoxia [59,60].Whether thedifference in elasticities of reaction blocks
to ATP is a direct allosteric effect of nucleotides on enzymes controlling
these processes or an indirect effect via allosteric regulation by, for
example, AMP-activated protein kinase (AMPK) [61] is, at present,
unclear. In some systems (e.g. muscle), changes in [ATP] are buffered by
activity of the creatine kinase system. This system is also involved in
effectively shuttlingATPbetween compartments andwithin the cytosol
[62].
3.1.2. ATP and supply-demand interactions in sepsis
As discussed earlier, a low muscle ATP content at study entry was
associated with mortality in a critically ill group of patients [21]. In a
follow-up study [unpublished data], there was also a signiﬁcant
depression of phosphocreatine (PCr) content and, in survivors, a lower
PCr/ATP ratio. Similar ﬁndings were reported in a separate study of leg
muscle, although neither PCr nor ATP content was affected in inter-
costal (respiratory) muscle [22]. Measurement of leg muscle lactate by
microdialysis in a groupof patients in early septic shock revealed a high
lactate content that decreased over the following 24 h. Parallel
microdialysiswith an infusion of ouabain indicated thatmuscle lactate
production rate was sensitive to this Na+K+-ATPase inhibitor [63].
Although a comparisonwith control patients is unavailable, these data
suggest an enhanced glycolytic rate in muscle in early sepsis linked to
an increase in an ATP demanding process.
Together, these data suggest a stimulation of ATP turnover in leg
muscle during the early phase of sepsis. In an investigation of septic
muscle energetics over time, 31P NMR analysis of PCr, Pi and ATP in
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in sepsis, but diminished later, although two separate models were
used in this comparison [25]. Time-dependent studies in patients
are lacking, however our preliminary (unpublished) data suggest that
PCr/ATP in surviving patients increases over time and, after twoweeks
of illness, is equal to, or indeed greater than, control values.
3.1.3. Efﬁciency of ATP production in sepsis: proton leak
One aspect that remains to be resolved in sepsis is the extent to
which REE represents metabolism that is uncoupled from ATP
production. Under normal physiological conditions, it is estimated
that approximately 20% of the standard metabolic rate of oxygen
consumption is not coupled to ATP production, but is used to drive the
proton leak across the mitochondrial membrane [64]. The extent to
which this changes in sepsis is uncertain, but it has been argued that
metabolic inefﬁciency is a major contributor to pyrexia (see [64]). One
key hormone that affects metabolic efﬁciency is thyroid hormone,
which both increases the rate of respiration and the proton leak rate
[44,65]. The modulations in thyroid status at different stages of critical
illness may have a major impact on the efﬁciency of ATP production.
Thyroid hormone is signiﬁcantly elevated during the acute phase of
sepsis, whilst sub-normal levels persist during established illness
(the low T3 syndrome described earlier).
Proton leak across the inner mitochondrial membrane to the
matrix can be modulated by the regulated engagement of protein-
dependent pathways, such as activation of uncoupling proteins (UCPs)
(see [66,67]), or by increased basal leak via the adenine nucleotide
translocase [68]. Although the physiological role and function of
the more novel members of the UCP family remains to be ﬁrmly
established, UCP2 activity of immune cells seems to be involved
inﬂammation [69,70].
In addition to proton leak, any changes in the stoichiometry of
respiratory proton pumps (redox slip) could contribute to decreased
efﬁciency of ATP production (see [71,72]), although it is uncertain as to
what extent this process occurs (patho)physiologically.
3.1.4. Substrate-dependent effects on ATP production efﬁciency and rate
Depending on the individual tissue and on nutritional status, the
main respiratory substrates used by the body are glucose and fatty
acids, although signiﬁcant amounts of lactate are also oxidised by
heart, liver and brain. Each substrate has a different efﬁciency of ATP
production; for example, oxidation of palmitate yields approximately 3
times the amount of ATP per mole as does complete oxidation of
glucose, resulting inmaximumamounts of ATP synthesised per oxygen
atom consumed (P/O) that differ by some 14% (2.1 vs 2.4, respectively,
assuming an H+/ATP ratio of 13/3, see [73]). The effective P/O of
substrate oxidation varies with the extent of proton leak, increasing
towards state 3 as the proton leak rate declines [74]. The oxidation of a
particular substrate will affect NADH/NAD+ redox state, membrane
potential (Δψ), and respiration (including proton leak) rate to different
extents. As discussed in [74], hormones that increase Ca2+, stimulate
respiration and/or increase proton leakmayalso inﬂuence the effective
P/O and the rate of ATP production. The relative contribution of each
the factors above to the in vivo rate of ATP production is unclear.
However, according to the relative control of each of these parameters
over respiration under the prevailing conditions, the effective P/O and
the rate of ATP production may indeed vary (see [74]).
As control of respiration shifts towards substrate oxidation with
increasing demand for ATP, substrates that increase the rate of
respirationwhen demand is high are likely to increase ATP production
rate. Equally, under similar conditions of increasing demand for ATP,
substrate deprivation could have a detrimental effect on cellular
energetics, particularly under conditions of low oxygen.
Other substrate-dependent effects on cellular energetics include,
for example, direct inhibition of the adenine nucleotide translocase
(ANT) by long-chain acyl-CoA esters which, given the signiﬁcantproportion of control of the phosphorylating system over respiration,
could signiﬁcantly affect cellular energetics [75].
3.1.5. Substrate-dependent effects in sepsis
In sepsis, changes in substrate-dependent effects on ATP
production rate and efﬁciency may be reﬂected at a number of the
levels discussed above. Firstly, circulating cytokines and catechola-
mines cause a shift in metabolism towards the stress state: acti-
vation of glycogenolysis and hepatic gluconeogenesis, together with
insulin resistance lead to increased circulating levels of glucose;
hepatic lipolysis increases plasma free fatty acids, while greatly
increased muscle protein catabolism and lactate release also occur
(see [12,14]). While the levels of these circulating substrates are
increased, the extent to which the substrates are oxidised or taken
up by cells and mitochondria of different tissues may be variable. For
example, insulin-independent glucose uptake may be inhibited in
sepsis in some cells by down-regulation of the glucose transporter,
GLUT-4, whilst expression of insulin-dependent glucose transpor-
ters is increased in the presence of cytokines. The disruptions in
circulating levels of Ca2+-modulating hormones discussed above
could also have signiﬁcant effects on the activation state of
mitochondrial dehydrogenases, thus affecting the availability of
respiratory substrates. Other mechanisms by which substrate
availability may be affected in sepsis are by depletion of NAD+ via
peroxynitrite-induced activation of PARP (poly-(ADP ribose) poly-
merase), a DNA-repair enzyme [76].
3.2. Oxygen availability
3.2.1. Cell responses to tissue hypoxia
The extent to which tissue hypoxia causes ATP depletion and
associated cell damage in a particular tissue will depend on (1) the
metabolic response of the system to short-term changes in O2 tension/
concentration [O2] and (2) the sensitivity of the system to any changes
in [ATP], both in terms of short-term changes in control of metabolic
ﬂux and longer-term adaptive responses to these changes (see [77]).
3.2.2. Short-term effects of hypoxia
Whereas some cells (e.g. kidney) are highly sensitive to changes in
[O2] and reduce their consumption as [O2] decreases [78], the oxygen
uptake rate of many other cells is relatively insensitive until O2 levels
as low as 3–8 µM are reached [79–81]. The apparent KmO2 in
hepatocytes is reported to be approximately 2 µM [82]. Changes in
intermediate concentrations (e.g. NADH/NAD+, Δψ, reduced cyto-
chrome c, phosphorylated metabolites) can occur without a change in
respiratory rate or [ATP] ([82], discussed in [36]). Below these oxygen
tensions, there are changes in both respiratory rate and levels of
intermediates. Gluconeogenesis and urea synthesis – pathways in
hepatocytes that both consume and produce ATP – exhibit a similar
sensitivity to changes in O2 (apparent KmO2 5 µM; [83]). As respiratory
oxygen consumption decreases in low O2, glycolysis increases in rate
(the Pasteur effect).
Factors that inﬂuence the availability of O2 include (1) the effect of
vasoactive hormones on oxygen delivery by heart, lungs and
circulation to the tissues (potentially in addition to direct endocrine
effects on the energetics of the tissue of interest) and (2) nitric oxide,
NO, the effects of which could include (a) cGMP-dependent vaso-
relaxation, affecting oxygen delivery and (b) competitive inhibition of
cytochrome c oxidase that, besides inhibiting the respiratory rate, may
effectively increase the local [O2] within the cell. Such an effect of NO
may be relevant to the availability of O2 to enable the seemingly
paradoxical increase in mitochondrial ROS production during hypoxia.
However, the quantities of NO produced in inﬂammation are likely to
be detrimental to the cell, especially in combination with hypoxia. For
example, hypoxia has been shown to sensitize mitochondria to
inhibition by NO in isolated inﬂamed aorta [84], neuronal [85,86]
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necrotic cell death. Inhibition by NOwas reversible if NOwas removed
from the medium, but irreversible following prolonged exposure to
NO, probably reﬂecting a reversible competitive inhibition by NO at
complex IV followed by more stable inhibition of complex I by
peroxynitrite [49,84].
3.2.3. Longer-term responses to hypoxia
Cellular responses to hypoxia depend on the tissue itself, and the
duration and extent of hypoxia. For example, hepatocytes exhibit
progressive decreases in [ATP] and oxygen consumption rate as
hypoxia continued over several hours [59,87]. These decreases were
fully reversible upon reoxygenation, normalising more rapidly than
for cells exposed to a shorter period of hypoxia [59]. Prolonged
moderate hypoxia was associated with maintained Na+/K+- ATPase
activity while other, non-essential ATPase activities were suppressed
[59]. Such a “hibernation” response to hypoxia is also seen in
ischaemic myocardium. The mechanism of such adaptive responses
is unclear [77,88]. Possible candidates for molecular regulation include
hypoxia-inducible transcription factor-1 (HIF-1a) [89] or AMP-
activated protein kinase [61,90].
3.2.4. Oxygen availability in sepsis
A major point of contention in the sepsis ﬁeld is the extent to
which tissue oxygen delivery compromises the mitochondrial func-
tion. Early studies interpreted a high blood lactate level (usually
associated with a metabolic acidosis) as indicative of tissue hypoxia,
representing anaerobic glycolytic metabolism [91]. As metabolic
acidosis was positively correlated with mortality in sepsis [92], this
ﬁnding was perceived as deleterious. Despite early suggestions that
hyperlactataemia could occur in the absence of oxygen delivery
defects, the tissue hypoxia theory prevailed through the 1990s and
prompted two large clinical trials aiming to optimise tissue perfusion
of septic patients in established multi-organ failure. Alas, these
showed either no beneﬁt [93] or harm [94].
Low cardiac output states such as cardiogenic, hypoxic, or
haemorrhagic shock are characterised by decreases in tissue oxygen
delivery and consequent tissue hypoxia [95]. In contrast, sepsis is
generally manifest as a high cardiac output state — despite hypoten-
sion, global oxygen supply is often reasonably well maintained. There
is, however, lactic acidaemia and evidence of local impairment of
microvascular blood ﬂow, predominantly through vasoconstriction. It
has thus been argued that the resulting localised tissue hypoxia will
lead to organ failure [96]. However, several animal and human studies
suggest that, despite indications of microcirculatory abnormality,
peripheral organs do not become hypoxic during sepsis after initial
resuscitation has been performed. Elevated tissue oxygen tensions
(PO2) have been reported for bladder [95,97,98] and gut [99] in
volume-resuscitated septic models, as well as in the muscle of septic
patients [100,101]. Recently, using a short-term (3 h), ﬂuid-resusci-
tated endotoxaemic rat model, there was an elevation in bladder PO2
and relatively maintained muscle and renal PO2 despite a signiﬁcant
reduction in cardiac output [95]. On the other hand, liver PO2 fell both
early and profoundly, paralleling changes seen with severe haemor-
rhage and hypoxaemia. Similar ﬁndings have been seen after 6 h in a
faecal peritonitis septic rat model yet the tissue PO2 values normalized
by 24 h, despite severe clinical and biochemical manifestations of
organ dysfunction becoming apparent (Dyson and Singer, unpub-
lished data). Thus, the organ tissue PO2 response to sepsis – which
reﬂects the local O2 supply-demand balance – varies, even in the face
of decreased oxygen delivery and potential micorovascular abnorm-
alities. A reconciling view is that both macro- and microcirculatory
abnormalities occur early in sepsis and, if not corrected sufﬁciently
quickly, can amplify the inﬂammatory response with a possibly
greater impact on later mitochondrial dysfunction. However, this
needs to be conﬁrmed and the debate continues.3.3. Functional capacity
The concept of “reserve capacity” in mitochondria is well
recognised, in that the respiratory rate can be stimulated above
state 3 in isolated mitochondria, or over the endogenous rate in cells
upon dissipation of Δψ by the addition of a chemical uncoupler. Such
a reserve might be important in some tissues when the demand for
cellular ATP acutely rises and the proportion of control over
respiration exerted by the respiratory chain increases ([52], dis-
cussed in [35]). In this respect, under conditions of elevated ATP
demand, systems which are unable to maintain functional mito-
chondria might be expected to compromise their function and even
viability. Depending on the system, short-term adjustment in the rate
of “non-essential” (e.g. macromolecule synthesis) or facultative
(metabolic) ATP demand pathways, may initially occur to allow the
cell to prioritise essential processes such as maintenance of ion
gradients. In the longer term, failure to maintain mitochondrial
functional capacity may result in ATP depletion and this will trigger
cell death pathways. These two responses — a decrease in metabolic
function and increased cell death— could conceivably be manifested
clinically as organ failure.
Mitochondrial functional capacity in the cell is determined by
several factors including: (1) the extent towhich existingmitochondrial
enzymes retain functionality, including (a) the extent of oxidative/
nitrosative damage and (b) the ability of enzymes to respond to
allosteric activators; (2) the rate of synthesis and assembly of proteins
in the mitochondria; and (3) the rate of proteolytic degradation. The
extent to which changes in functional capacity are important in
deﬁning overall energetic metabolism in sepsis will depend on the
hierarchy of control over the system in the septic condition.
3.3.1. Impaired mitochondrial function in sepsis
Reports of altered respiratory capacity in isolated mitochondria in
sepsis date back nearly 40 years, with conﬂicting ﬁndings [reviewed in
[20] depending on the duration and severity of the model and the
tissue studied. The majority of reports using isolated mitochondria or
permeabilised cells and muscle ﬁbres point towards an early increase
in capacity (4–18 h) followed by a later depression (24–48 h). A
decrease in complex I-linked respiration in isolated muscle ﬁbres was
associated with the severity of sepsis in a long-term rat model, while
succinate-dependent oxidation rates were similar between control
and septic groups [102]. Differences in respiration between intact
hepatocytes (decreased endogenous rate) and mitochondria
(increased state 3 rate) isolated from livers of endotoxic rats have
been explained by the existence of variably affected mitochondrial
populations [24]. Electron micrographs indicate a population of
swollen mitochondria amidst more normal looking, electron-dense
mitochondria. Potentially, these swollen organelles may be more
susceptible to rupture and removal during the mitochondrial isolation
procedure.
3.3.2. Mitochondrial biogenesis
As described earlier, limited patient studies report decreases in
mitochondrial enzyme activities [21,22] that are associated with
oxidative/nitrosative damage [27]. Similar ﬁndings have been made in
animal models [23–25,103], and may be related to a functional
inhibition and/or damage/loss of active respiratory complex protein,
particularly complex I. The recovery of mitochondrial function
requires the process of organelle repair/regeneration. This process is
called mitochondrial biogenesis.
Mitochondrial biogenesis describes the co-ordination of nuclear-
and mitochondrial gene expression, protein import and assembly into
mitochondrialmembranes and the changes inmitochondrialmass and
morphology. This process can be regulated, in theory, at each level,
although the relative importance remains to be established. Both ROS
and NO have been implicated as signalling molecules for regulation of
769J.E. Carré, M. Singer / Biochimica et Biophysica Acta 1777 (2008) 763–771biogenesis pathways [104–106]. A key regulatory molecule in
mitochondrial biogenesis is peroxisome proliferator-activated recep-
tor gamma (PPARγ) co-activator-1α (PGC-1α), which is highly
expressed, in oxidative tissues including heart, kidney, skeletal muscle
and brain [107–109]. This nuclear transcriptional co-activator speci-
ﬁcally interacts with, and enhances, activity of transcription factors
that act on promoters of genes involved in energymetabolism. Speciﬁc
targets of PGC-1α common to different tissues include the nuclear
respiratory factors (NRF)-1 andNRF-2; these are co-activated to bind to
promoter regions of nuclear-encoded mitochondrial genes and to
those of the gene encoding mitochondrially-targeted transcription
factor A (Tfam, or mTFA). Another target of PGC-1α is the (o)estrogen-
related receptor-α (ERRα). Thenet effect of PGC-1α co-activation is the
upregulation of large groups of mitochondrial and nuclear-encoded
genes involved in respiration and β-fatty-acid oxidation. In the liver,
PGC-1α activates gluconeogenesis and fasting-related genes. PGC-1α
is subject to complex regulation at the transcriptional and post-
translational level (reviewed in [110]).
3.3.3. Mitochondrial biogenesis in sepsis
Cytokines increase stability and activity of PGC-1α through MAP
kinase-dependent phosphorylation in muscle cells [111]]. In the same
study, 12 h after administration of LPS, transgenic mice over-
expressing PGC-1α linked to the muscle creatine kinase (MCK)
promoter showed a near-doubling of whole body oxygen consump-
tion with both increased state 3 and state 4 respiration in isolated
muscle mitochondria. These increases in respiration were related to
elevated expression of some, but not all, of the PGC-1α downstream
targets measured. Levels of the PGC-1α protein itself increased in
response to LPS, but it is unclear to what extent this reﬂects the
endogenous protein or effects on the MCK promoter.
To investigate a potential role of mitochondrial biogenesis in recovery
from sepsis, a 3 day mouse model of bacterial sepsis was developed that
exhibited a reduction in whole body oxygen consumption and REE,
together with increased mRNA levels of mitochondrial superoxide
dismutase and a depression in mitochondrial DNA copy number
(mtDNA) [47]. Recovery was associated with increased expression of
NRF-1, Tfam and PGC-1α transcripts and a progressive increase in
cytochrome and mtDNA, followed by recovery of oxygen consumption
and REE. This study suggests a link between recovery from sepsis and
mitochondrial biogenesis. Interestingly, our preliminary (unpublished)
data in muscle biopsies taken from critically ill patients indicate that
transcript levels of PGC1α, Tfam and NRF-1were signiﬁcantly elevated in
patients on entry to the ICU, but only in those who went on to survive. A
similar pattern was seen in ATP and phosphocreatine content of these
biopsies [Brealey 2003 and unpublished data]. With the inherent
difﬁculties in obtaining samples from “vital” organs, it is uncertain
whether this situation is unique to muscle but together, these data
suggest that anability tomaintain functionalmitochondriaearly incritical
illness, or an ability to rapidly regenerate, may be crucial to recovery.
4. Conclusions/future perspectives
The controversy of to what extent tissue hypoxia, mitochondrial
dysfunction and ATP depletion contribute to organ dysfunction in sepsis
has been ongoing for many years. From the discussion above, it is clear
that cellular energetic metabolism in the pathophysiological syndrome
of sepsis could be affected atmultiple sites. However, understanding the
ATP supply-demand interaction is crucial for determining the relative
importance of these factors in organ failure, yet few data are available
that describe the effect of sepsis on the cellular demand for ATP. Limited
information can begained frommeasurementof steady statemetabolite
content or metabolic activities alone. Instead, a systems approach is
required to determine the relative importance of each of the factors
discussed above in the development and severity of MOF, and in the
subsequent recovery period.By establishing the control distribution of a system, the effect of
modulations at different points in the system can be predicted. This
aspect is fundamental to the success of therapeutic interventions, as
targeting a part of the system that has little control at a particular time
will be unlikely to be of any beneﬁt. We anticipate that the application
of a modular kinetic analysis [39–41] will enable the role of different
candidate effectors in the causality of organ dysfunction and recovery
to be determined for different tissues and immune cells throughout
the clinical course of the disease. Such an insight may prove useful
in determining the application of therapies aimed at stimulating
energetic metabolism at one time point, whilst suppressing it at
others.
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